It has been long recognized that the ganglioside GM1 plays a role in axonal growth and neuronal differentiation. However, the involvement of plasma membrane GM1 has been difficult to elucidate. This is possible now thanks to the recent cloning of plasma membrane ganglioside sialidase (PMGS), the enzyme responsible for the localized hydrolysis of oligosialogangliosides into GM1. In this work we show that PMGS mRNA and protein levels are high at early developmental stages of the hippocampus and low in adulthood both in vivo and in vitro. We also demonstrate that inhibition of PMGS activity blocks axonal elongation, whereas the increase in PMGS activity dramatically enhances axon growth and accelerates the polarization of cytoskeletal proteins. Finally, we show that axotomy close to the cell body in PMGS overexpressing neurons results in the regrowth of the original axon instead of randomly, as is the case in control neurons. In all, these results imply that PMGS activity through the modulation of GM1 surface levels is an important component of the machinery controlling axonal growth. We hypothesize that increasing PMGS activity in the adult nervous system may be useful to improve regeneration after nerve damage.
Axonal growth in vivo is a complex event in which the mechanisms of elongation and guidance must coordinately interplay. Despite the many years of intense work, only recently has a general picture emerged of how elongation and guidance are regulated at the molecular level (for review, see Tessier-Lavigne and Goodman, 1996; Suter and Forscher, 1998; Quinn et al., 1999; Andersen and Bi, 2000; Bradke and Dotti, 2000) . Regarding the early event of axon formation, much of our current knowledge comes from studies in neuronal cells growing in culture. Thus, we know that axonal elongation requires the addition of new membrane at the tip of the growing neurite, an increase in the dynamics of actin fibers at the same site, an increase in the stability of the trailing microtubules in the shaft, and constant changes in the binding properties of membrane proteins and membrane lipids to the extracellular matrix. In this last event, gangliosides seem to play a major role.
Gangliosides are sialic acid-containing glycosphingolipids particularly enriched in the nervous tissue. Like most gangliosides, the monosialoganglioside GM1 was shown to modulate the growth and differentiation of neuroblastoma cells (Masco et al., 1991; Wu and Ledeen, 1991) . In cultured neurons, ganglioside biosynthesis is essential for axonogenesis, axonal growth (Harel and Futerman, 1993; Schwarz et al., 1995) , and synaptogenesis (Inokuchi et al., 1997) . Also, addition of exogenous GM1 promotes differentiation and neurite outgrowth of neuronal cells in cultures (Facci et al., 1984; Skaper et al., 1985; Leeden, 1989) , and the possible potentiation of effect of some neurotrophic factors has been suggested (Katoh-Semba et al., 1984) . More recently, the influence of gangliosides on the action of neurotrophins has been documented. In particular, GM1 interacts with the NGF receptors TrkA (Mutoh et al., 1993 (Mutoh et al., , 1995 Ferrari et al., 1995; Rabin and Mocchetti, 1995) and p75 NGFR (Panni et al., 1998) , as well as with the BDNF receptor TrkB (Pitto et al., 1998) . The use of GM1 binding reagents, like the subunit B of cholera toxin (Chtx-B), and anti-GM1 antibodies also supports a role for GM1 in axonal growth. Thus, Chtx-B was shown to induce differentiation in N18 neuroblastoma cells (Masco et al., 1991) and to block neuraminidase-induced neuritogenesis. Similarly, antibodies to GM1 have been shown to inhibit the NGF-induced sprouting of chick embryonic dorsal root ganglion cells (Schwartz and Spirman, 1982) and conditioned media-stimulated growth in sensory ganglion cells (Spoerri et al., 1988) . Additionally, Wu and Ledeen, (1994) demonstrated that anti-GM1 antibodies inhibit the differentiation of Neuro2a cells stimulated by different agents. All of this evidence is clearly indicative of GM1 playing a role in axonal growth, but most of the experimentation has depended on the addition of exogenous GM1 or GM1 blockers to cultures of neuron-like cell lines. These facts prompted us to investigate the physiological role of the endogenous plasma membrane GM1 in primary neurons. For that purpose we have modified the levels and activity of plasma membrane ganglioside sialidase (PMGS) in hippocampal neurons in primary culture. PMGS is unique in specifically hydrolyzing oligosialogangliosides to produce GM1 in plasma membrane Wada et al., 1999; Hasegawa et al., 2000) .
MATERIALS AND METHODS
Isolation of mR NA and RT-PCR. Poly(A ϩ ) RNA was affinity purified with the QuickPrep Micro mRNA purification kit (Amersham Pharmacia Biotech, Uppsala, Sweden) from isolated hippocampi [both from embryonic day (E) 15 embryos and from 2-month-old adult mice].
cDNA synthesis was performed using ϳ10 ng of mRNA and the Moloney murine leukemia virus reverse transcriptase (Advantage RTfor-PCR kit, C lontech Laboratories, Palo Alto, CA). Specific primers were designed to monitor membrane sialidase expression by PCR amplification (forward: TCAATTGGCAAAGGTGC TCCCGC TAC TCAG;  reverse: GGGC TGGTACAGTC TTCACAGC TCAGGACC) . The PCR reactions contained ϳ1 ng cDNA, 1 l of a 10 mM solution of each dNTP, 1 U AmpliTaq DNA polymerase (Perkin-Elmer, Norwalk, C T), 20 pmol of each primer, in 1ϫ Perkin-Elmer PCR Buffer (containing 1.5 mM MgC l 2 ) in a total volume of 50 l. The PCR amplification consisted of 33 cycles of (1) 10 sec denaturation step at 94°C, (2) 10 sec annealing at 62°C, and (3) 30 sec extension at 72°C. A Perkin-Elmer model gene Amp PCR system 2400 was used. To obtain a semiquantitative analysis, primers specific for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene (forward: GACCACAGTCCATGACAT-CAC T; reverse: TCCACCACCC TGTTGC TGTAG; 20 pmol each) were added to the PCR reactions; the GAPDH cDNA was used as internal standard to normalize the concentration of the different cDNA samples. Because the GAPDH mRNA was more abundant than the sialidase mRNA, the sialidase cDNA was allowed to undergo six initial cycles of amplification before addition of GAPDH primers. Under those PCR conditions, none of the cDNAs was amplified to saturation.
A densitometric analysis of the band intensities was performed using the N IH Image software.
Cell culture. Primary hippocampal neurons derived from rat embryos were cultured following the protocol of Goslin and Banker (1991) and de Hoop et al. (1997) . In brief, the hippocampi of E18 rats were dissected, trypsinized, and physically dissociated. The cells were then washed in HBSS, and 100,000 cells (25,000 for neurite length measurements) were plated onto poly-L-lysine (PL L) or laminin-treated glass coverslips in 6 cm Petri dishes containing minimal essential medium (M EM) and 10% heat-inactivated horse serum. The cells were kept in 5% C O 2 at 36.5°C. After 7 hr the coverslips were transferred to a 6 cm dish containing astrocytes in M EM and N2 supplements containing 0.5 mM 2,3,dehydro-2,deoxy-N-acetylneuraminic acid (NeuAc2en) in the case of PMGS inhibitor-treated cultures, or 10 g /ml cholera toxin-subunit B in GM1 binding-blocking experiments.
For biochemical purposes cells were plated onto 3 cm tissue culture dishes containing M EM-N2 medium and incubated the same way as before.
C OS cells were plated in 3 cm Petri dishes (10,000 cells per dish) containing DM EM supplemented with 10% heat-inactivated fetal calf serum (FC S).
A xon transection. One-day-old neurons either transfected or nontransfected with the PMGS cDNA (see below) were plated on PL L -treated C ellocate coverslips (Eppendorf, Hamburg, Germany). The coverslips were then transferred into a tissue culture dish filled with medium equilibrated to air concentration of gases onto a microscope stage equipped with a micromanipulator (Eppendorf). C ells were localized on the coverslip grid using a 32ϫ long-distance working lens. The longest neurite was then cut by pulling, orthogonally across the neurite, a microinjection glass needle over the glass surface. The distance between the cell body and the cut site was similar to the second longest neurite. C ells were photographed before and shortly after lesioning. The coverslip was then placed in the original medium and returned to the incubator. After 24 hr, cells were fixed and labeled with anti-hemagglutinin (HA) antibody (see below). Lesioned cells were then relocalized and newly photographed.
Immunoc ytochemistr y. For the detection of tubulin-, M AP-2-, tau-, and HA-tagged PMGS, cultured neurons were fixed in 4% paraformaldehyde for 15 min at room temperature, aldehyde groups were quenched in 50 mM ammonium chloride for 5 min, and the cells were then extracted with 0.1% Triton X-100 for 3 min. The neurons were blocked in blocking solution for 1 hr at room temperature and then incubated with rabbit anti-HA (Santa Cruz Biotechnology, Santa Cruz, CA), polyclonal antibody 514 anti-M AP2 (a gift from C. Sanchez, C entro de Biologia Molecular, Madrid), mAb anti-tau (Tau-1, Roche Diagnostics, Mannheim, Germany), and mAb anti-tubulin (Amersham Pharmacia Biotech). Incubations were performed for 1 hr at room temperature. After extensive washing with PBS, cells were incubated with species-specific secondary antibodies.
Western blotting. Samples of plasma membranes of neuronal or C OS cells were dissolved in Laemmli's sample buffer (5ϫ) and loaded onto 12% polyacrylamide PAGE-SDS gels (30 g of protein per line). The proteins were transferred to nitrocellulose filters and blocked for 2 hr with 5% defatted milk, 0.1% T ween 20 in PBS (PBST) at room temperature. The filters were then incubated overnight at 4°C with polyclonal antibodies raised against PMGS or with polyclonal anti-HA antibodies (Santa Cruz Biotechnology). After they were washed thoroughly with PBST, the filters were incubated with horseradish peroxidase-labeled anti-rabbit antibodies for 1 hr at room temperature, washed, and developed by the ECL system (Amersham Pharmacia Biotech).
Neurite length measurements. Control or NeuAc2en-treated (0.5 mM) neuron cultures were labeled with mAb anti-tubulin as described before, and 20 random fields per experiment were photographed using a Z eiss Axiovert 135 microscope equipped with an acrostigmat 20ϫ objective.
The neurite length (80 -100 cells per experiment) was measured from the cell body to the growth cone using N IH Image 1.58 software. For axon transection experiments, the axonal regrowth was measured from the cut site to the new growth cone. In the case of growth of a different neurite, the measurement was from the tip of the growing neurite before the lesion to the growth cone 24 hr after. The grid of the C ellocate coverslips was used as reference.
E xpression of HA-tag ged murine plasma membrane ganglioside sialidase in COS-1 cells and hippocampal neurons. A sialidase expression plasmid coding for the murine PMGS with an HA-tag at the C terminus was constructed as follows. T wo primers, (1) 5Ј-AAGC TTGCCACCATGG-AGGAAGTCCCACCC, introducing a HindIII site and a Kozac (Kozac, 1989) sequence, and (2) 5Ј-GCGGCCGCCCGTCGC TAC TAGGG-C TG, introducing a NotI site, were used to amplif y the sequence encoding the entire open reading frame from template cDNA synthesized from mouse brain poly(A ϩ ) RNA (Hasegawa et al., 2000) . PCR products were cloned into a pCRII-TOPO vector (Invitrogen, San Diego, CA) following manufacturer's instructions. The sialidase was then subcloned into PM H expression vector (Roche Diagnostics, Mannheim, Germany) using HindIII and NotI restriction sites. The construct was verified by sequencing.
To verif y the activity of the sialidase encoded by this construct, 3 ϫ 10 6 C OS-1 cells per milliliter were transfected by electroporation with the empty expression vector or with the construct (20 g of DNA /300 l of cell suspension) using a Bio-Rad (Bio-Rad, Hercules, CA) Genepulser operated at 250 V and 500 F. After 3 d in culture as described above, the cells were washed with PBS, scraped, pelleted, lysed by ultrasonication in 9 vol of cold PBS, and centrif uged at 1000 ϫ g for 10 min at 4°C. The supernatant was f urther centrif uged at 100,000 ϫ g for 1 hr at 4°C. The pellet was used in the sialidase assay as the membrane fraction. Rat hippocampal neurons were transfected in the same way as C OS cells, but the capacitance was set to 250 F. Sialidase assay: ganglioside anal ysis and sialic acid quantification. The assay mixture contained 50 nmol of ganglioside-bound sialic acid (bovine mixed gangliosides; Matreya Inc.), 0.2 mg of BSA, 15 mol of sodium acetate, pH 4.6, 0.2 mg of Triton X-100, and membrane samples in 0.2 ml (plasma membranes from 3 ϫ 10 6 C OS cells or 5 ϫ 10 6 primary neurons). After 1 hr incubation at 37°C, the reaction was taken up to 2 ml with water and loaded on a C18 reversed-phase column (Merck, Darmstadt, Germany) as described by Reuter and Schauer (1994) . Released sialic acid was recovered in the nonretained fraction, whereas gangliosides were recovered by elution with methanol. Aqueous nonretained fraction was lyophilized and methanol fraction was vacuum dried.
Eluted gangliosides were resuspended by sonication in 30 l of methanol and chromatographed on a high-performance thin-layer chromatographic plate (Merck, Darmstadt, Germany) in chloroform /methanol / 0.2% C aC l 2 (55:45:10 v/ v/ v). Ganglioside bands were visualized with resorcinol-HC l reagent as described by Schnaar and Needham (1994) . Released sialic acid was measured by the method of Warren (1959) , as modified by Chaplin (1986) , using N-acetylneuraminic acid as standard.
RESULTS

PMGS mRNA, protein, and activity are high at early developmental stages
Taking into account that addition of GM1 to cultured neuronal cells facilitates axonal growth (see introductory remarks), we predicted that the levels and activity of the enzyme responsible for its plasma membrane synthesis should be higher at developmental stages when axonal growth is the maximum. To test this hypothesis we measured PMGS mRNA, protein, and activity in hippocampal neurons in situ and in vitro. Template cDNA from embryonic (E15) and adult (2-month-old) mouse hippocampi was PCR amplified with PMGS gene-specific primers (see Materials and Methods). The abundance of GAPDH mRNA in the two samples was used as internal standard to normalize the concentration of the cDNA samples. The expression level of PMGS mRNA was significantly higher at earlier developmental stages (Fig. 1 A) . The bar graph in Figure 1 A shows the quantification of the relative abundance of PMGS mRNA in embryonic versus adult hippocampi in four independent experiments. Although a certain variability in the values from different experiments was observed, PMGS transcripts were reproducibly more enriched at the embryonic hippocampal stage (10.5ϫ on average) (Fig. 1 A,  black bar) . The result of one representative experiment is shown in the bottom panel of Figure 1 A.
The levels of PMGS protein were investigated in embryonic hippocampal neurons grown in culture conditions, a well suited experimental system for neuronal differentiation studies (for review, see Craig and Banker, 1994; Bradke and Dotti, 2000) . Western blotting of the membrane fraction of neurons grown for 1 and 3 d in either laminin or PLL was performed using a polyclonal anti-PMGS antibody (Fig. 1 B) . PMGS levels in laminin-grown cells were higher than from cells grown in PLL. Moreover, the levels were significantly higher in cells grown for 3 d on PLL than for those grown for 1 d. The difference between neurons seeded on laminin or PLL can be explained by the fact that laminin is a naturally occurring extracellular matrix protein present in the hippocampus and that these cells grow axons much faster than the axons of the same neurons grown on PLL (Manthorpe et al., 1983; Lein et al., 1992; Esch et al., 1999) .
The hydrolyzing capacity of PMGS at different developmental stages was also tested in membranes of hippocampal neurons grown for different times and on different substrata. Quantitative analysis of the sialic acid hydrolyzed by membranes of neurons cultured on PLL or laminin is shown in Figure 1C . The membranes from neurons grown on laminin for 1 and 3 d showed between 2.5-and 3-fold higher activity than in the case of cells grown for 3 d on PLL (Fig. 1 C, PMGS activity) . Enzymatic levels were undetectable in neurons grown for 1 d on PLL. Considering that by day 1 hippocampal neurons grown on PLL are just sprouting neurites, and only by day 3 are a large number of them actively elongating axons (Dotti et al., 1988) , the patterns of expression just described show the existence of a temporal correlation between PMGS high levels and neuritogenesis. Whether the activity of the enzyme plays a direct role in neuritogenesis was tested next in gain and loss of function experiments.
Inhibition of neuronal PMGS activity diminishes neurite growth
PMGS hydrolyzes sialic acid from plasma membrane oligosialogangliosides, releasing ␣2-3-and ␣2-8-bound sialic acids to thus produce plasma membrane GM1 (Saito et al., 1995; Kopitz et al., 1996; Hata et al., 1998 . To inhibit the activity of PMGS, cultured hippocampal neurons grown on laminin or PLL were treated with the specific inhibitor NeuAc2en. Studies in different cell types have already shown that the activity of the enzyme is blocked with this inhibitor (Kopitz et al., 1996 (Kopitz et al., , 1997 . NeuAc2en was added to the laminin-seeded neurons shortly after attachment (6 hr in vitro), and the effect on axonal and dendritic length and number was measured 18 hr later. Untreated laminingrown neurons showed long axons (Fig. 2C, arrowheads) . Addition of NeuAc2en to sister neurons drastically affected this phenotype, and most neurons presented only short neurites (Fig. 2 D,  arrowheads) . Quantification of the effect of NeuAc2en was performed measuring neuritic length of treated and control cultures and splitting the measurements into three categories: short neu- Figure 1 . PMGS is highly expressed during early stages of neuronal differentiation. A, Quantification of the relative enrichment of PMGS mRNA in four independent RT-PCR experiments. Semiquantitative RT-PCR analysis shows that PMGS is significantly more expressed in embryonic than in adult hippocampi. Each gray bar represents the ratio of PMGS mRNA concentration in embryonic hippocampi (E15) over that found in adult hippocampi (postnatal day 60) for a given experiment, as measured by densitometric analysis of the band intensities. The mean is indicated by the black bar. Error bar corresponds to the SD. The bottom panel shows the result of a representative experiment. The expression level of the housekeeping gene GAPDH was used to normalize the mRNA concentration. B, Western blot using polyclonal anti-PMGS antibody of membrane extracts from hippocampal neurons grown on PLL or on laminin-coated dishes. Neurons grown on laminin express much higher levels of PMGS than those grown on PLL. In this case the higher expression occurs after 3 d in culture. A second band (labeled a) of ϳ5 kDa higher molecular weight could represent a post-translational modification. The two lanes labeled preimm. show the reprobing with preimmune serum of the blot for laminin-grown cells. This demonstrates that the bottom band (labeled b) is nonspecific. In the right lane (HA), we localized the PMGS band by probing membranes from HA-PMGSoverexpressing neurons with anti-HA antibody. C, Quantification of PMGS activity in membranes from PLL-and laminin-grown cells. Sialic acid release from a mixture of oligosialogangliosides of such confirmed the high activity of the enzyme in laminin-grown neurons.
rites (10 -20 m), neurites of intermediate length (20 -40 m) , and clearly identifiable axons (Ͼ40 m). NeuAc2en treatment reduced the number of axons from 31% (untreated) to 7%, whereas the number of short neurites was enhanced from 41% (control) to 72% (Fig. 2 E, three bar sets on the right) . Although to a lesser extent, a similar inhibitory effect was observed on PLLcultured neurons (Fig. 2 A, B ,E, three bar sets on the left). This latter effect was not surprising because axonal growth is much slower on PLL than on laminin (Manthorpe et al., 1983) . Similar results were obtained blocking GM1 with the subunit B of cholera toxin (see Fig. 5 A, B) .
To confirm that the observed effect of NeuAc2en was caused by a true reduction of surface GM1, we treated hippocampal neurons in culture and analyzed ChTx-B binding by immunofluorescence. A treatment identical to that performed for the functional analysis (see above) resulted in an 8ϫ loss of FITC-cholera toxin-subunit B binding (data not shown).
Increase of PMGS enzymatic activity accelerates axonal growth
Because inhibition of PMGS activity blocks GM1 synthesis and axonal elongation (Fig. 2) , we hypothesized that an increase in PMGS activity would produce neurons with longer neurites. Before testing this hypothesis in neurons, we controlled in COS-1 cells, which are more manageable for biochemical analysis, if PMGS overexpression resulted in a true, higher enzymatic activity. Cell were transfected with the PMGS plasmid, and the distribution and activity of the newly made protein were analyzed by immunofluorescence microscopy, Western blotting, and thinlayer chromatography. Two days after transfection, overexpressing cells showed intracellular and membrane labeling with the anti-HA antibody (Fig. 3A) . The presence of the protein in the membrane fraction was also demonstrated by Western blotting (Fig. 3A) . Enzymatic activity was analyzed using a mix of oligosialogangliosides as substratum (see Materials and Methods). The plasma membranes of transfected cells released 69.3 mol of sialic acid per hour per milligram of protein (Fig. 3C, PMGS) . The enzymatic activity of plasma membranes from vector-alone transfected cells was undetectable (Fig. 3C, vector) . In agreement with this quantification, the thin-layer chromatography in Figure 3B shows qualitatively how the membranes from transfected cells (PMGS) efficiently hydrolyzed the oligosialogangliosides in the original mixture producing GM1. Contrarily, the membranes from cells transfected with the expression vector alone or from nontransfected cells did not show such activity (Fig. 3B , vector and control, respectively).
Once we demonstrated that the enzyme encoded by our HA-PMGS construct was properly located and fully functional, we tested the effect of PMGS overexpression in the differentiation of hippocampal neurons in culture. Neurons grown on either laminin or PLL were transfected with the above construct, and neuritic number and length were measured 24 hr later. In the control situation (empty expression vector) using PLL as substratum, most neurons were in stage 1 (round, no processes) or stage 2 (several short neurites), and very few were in the polarized stage 3 (one long and several short neurites) (Dotti et al., 1988) . Quite dramatically, under the same condition of culture, PMGS overexpression in neurons (Fig. 4 A-D, arrows) from a parallel culture resulted in the appearance of numerous neurons with one or two very long axon-like neurites (Ͼ40 m) (Fig. 4 A-D, arrowheads) . Quantitation of neuritic number and length revealed that overexpression increased the number of processes Ͼ40 m from 7% (untransfected) to 37%. Consistently, the number of neurites of intermediate length was strongly decreased (26% for overexpressing cells and 52% for controls) (Fig. 4 E, central bar set) . This effect could be reverted by blocking GM1 with cholera toxinsubunit B (Fig. 5C) . Together with the previous data on PMGS inhibition, these last results strongly suggest the involvement of PMGS in axonal growth.
Overexpression of PMGS promotes early axonal and dendritic cytoskeleton segregation
To determine whether PMGS-mediated acceleration in growth rate also accelerates overall neuronal maturation, we analyzed the distribution of the microtubule-associated proteins tau and MAP2 in control and PMGS-overexpressing neurons. These proteins become segregated to axons and dendrites, respectively, not earlier than 4 -5 d in culture (Caceres et al., 1984 (Caceres et al., , 1986 ). Figure  6 A shows a control neuron grown in culture for 72 hr, immunostained for tau and MAP2. Consistent with previous work at this time in culture, both proteins were uniformly distributed to the axon and dendrites. Conversely, PMGS-overexpressing neurons presented a clear axonal polarization of tau (Fig. 6 B, arrowheads) and dendritic polarization of MAP2 (Fig. 6C, arrowheads) as early as 36 hr after plating. These results suggest that the acceleration of axonal growth driven by the increased expression of PMGS and GM1 speed up neuronal maturation, at least regarding polarization of cytoskeletal proteins.
PMGS overexpression increases the regeneration capacity of the initial axon
Given that PMGS overexpression enhanced axonal growth and maturation, it became essential to investigate whether the response to axotomy was modified as well. To address this question we cut the axons of stage 3 PMGS-overexpressing hippocampal neurons and analyzed their capacity to regenerate. Axons were sectioned in such a way that the proximal stump was left with a length similar to or shorter than that of the other neurites (Fig.  7 A, B, white lines) . The rationale behind such procedures was to return the neuron to a stage in which all processes would have similar chances to become the new axon (Goslin and Banker, 1991) . Consistent with that concept, lesioned control neurons The overexpressing neurons showed long and branched axons (A, B, arrowheads), whereas non-overexpressing cells (A, B, asterisks) presented only short neurites. E, Quantitation of neurite length for control ( gray bars) and PMGS-overexpressing neurons (black bars) after 24 hr in culture. PMGS-overexpressing neurons showed 38% of axons Ͼ40 m, whereas this group represents only 7% for control cells. The intermediate group of neurites, on the contrary, was significantly reduced from 51% in controls to 26% in transfected cells. The quantification was made on a total of 100 overexpressing cells and 100 control cells from three independent experiments. We considered a cell as "overexpressing" when the anti-HA fluorescence intensity of the cell body was Ͼ2.5 times the background level measured on nontransfected cultures. Error bars correspond to the SD. regrew a new axon from a neurite different from that sectioned (Fig. 7A, black arrowhead, white arrowheads) . On the contrary, a similar experiment in PMGS-overexpressing cells resulted in the growth of a new axon from the sectioned axonal stump (Fig. 7B , white and black arrowheads). Seventy percent of control lesioned neurons grew a different axon after axotomy. Contrarily, in 71% of PMGS-overexpressing neurons, the sectioned axon regrew as such (Fig. 7C) . To demonstrate further the specificity of this effect, PMGS-overexpressing cells were incubated in the presence of the PMGS inhibitor NeuAc2en and then axotomized. Under these conditions 60% of PMGS-overexpressing neurons grew a different axon (Fig. 7C, right bar set) .
DISCUSSION
In this work we show that PMGS mRNA and protein levels are significantly higher in hippocampal neurons at early stages of development than at late stages, both in situ and in culture conditions. By virtue of the role of PMGS in the synthesis of plasma membrane GM1 Wada et al., 1999; Hasegawa et al., 2000) , these first results support the notion that plasma membrane GM1 plays an important role in the early stages of neuronal differentiation. In what concerns the well characterized hippocampal neurons in primary culture, one of such differentiation roles seems to be the regulation of axonal growth. In support of this, we here show that addition of the specific inhibitor of PMGS activity, NeuAc2en, reduced GM1 plasma membrane levels and arrested axonal growth. Similar axonal growth retardation was observed blocking GM1 directly with cholera toxin-subunit B. Consistently, overexpression of the murine PMGS cDNA enhanced GM1 synthesis and facilitated axonal growth. Additionally, we show that PMGS overexpression causes an early polarization of cytoskeletal components such as MAP2 or tau. The simplest explanation for such early polarization is the overall acceleration of neuronal maturation triggered by high expression of PMGS. However, without analysis of synaptic activity, such a conclusion at this moment is a simple working hypothesis. Although our NeuAc2en data do not permit us to exclude the involvement of GM1 in dendritic growth, the PMGS overexpression experiment suggests that, at least at these early stages, PMGS-GM1 is especially important for axon growth. Indeed, we observed that all overexpressing neurons had long axons, but the dendrites were no longer than those of non-overexpressing neurons. Because our own overexpression experiments with tagged axonal growth-unrelated membrane proteins (i.e., amyloid precursor protein, synaptophysin) (Kaether et al., 2000) did not affect axonal elongation, the results presented here point to the specific "axonogenic" role of PMGS. We also observed that PMGS is expressed at much higher levels in neurons grown on laminin than in those grown on PLL and that the inhibitory effect of NeuAc2en is more evident in neurons grown on laminin than on those grown on PLL. Because the hippocampal region is rich in laminin (Nakagami et al., 2000) and hippocampal neurons express integrin receptors (Pinkstaff et al., 1999) , the expression and functional data here reported raise the possibility that PMGS may modulate axonal growth through an increase in the efficiency of integrin-laminin interaction (McKerracher et al., 1996) . Although we present no experimental evidence in favor of this argument, except for the correlation just reported, such modulation may be similar to that between GM1 and the extracellular matrix protein galectin-1 in the olfactory tract, an event essential for the enhancement of axonal growth and proper directionality toward the olfactory bulb (Puche et al., 1996; Kopitz et al., 1998) .
The mechanisms by which the increase in surface PMGS levels and activity modulate growth remain to be investigated. It is reasonable to think that an axonal growth determinant acts on surface GM1 (see introductory remarks), resulting in a signaling event that produces an increase in PMGS synthesis and insertion in the axonal membrane. This local increase in PMGS would then be followed by an increase in GM1 interaction with the ligand, thus stimulating changes in the dynamics of membrane fusionretrieval and actin and microtubule cytoskeleton that are needed to support further growth. Consistent with the above scenario are the following observations. (1) PMGS expression levels increase in neuroblastoma cells exposed to differentiation agents (Hasegawa et al., 2000) and in hippocampal neurons grown under Figure 7 . PMGS-overexpressing neurons regenerate an axon from the same process originally sectioned, even after proximal axotomy. A, Hippocampal neurons were plated on PLL-coated Cellocate coverslips and grown for 24 hr. At that time the axons were sectioned at a distance from the cell body similar to the length of the longest dendrite (A, before axotomy, white lines). Twenty-four hours after the sectioning the cells were fixed and relocalized using the Cellocate grid as reference. The sectioned axons appeared stacked at the point where they were cut (A, 24 hours later, and black arrowhead), and one of the dendrites grew as the new axon (A, 24 hours later, and white arrowheads). B, The axons of HA-PMGS-transfected neurons were sectioned and allowed to recover as for cells in A; then the cells were fixed and immunolabeled with anti-HA antibodies. Twenty-four hours after axotomy, the same axons grew again from the point of the cut (B, 24 hours later, arrowheads) , and the dendrites remained unaltered. C, Axonal regeneration in PMGS-overexpressing cells can be partially reversed by the PMGS inhibitor NeuAc2en. From the experiments described in A and B, we quantitated the number of cells from which a new axon grew from a different neurite ( gray bars) or from the same process (black bars). Seventy percent of the control cells grew a new axon from a different neurite; conversely, 71% of the PMGSoverexpressing neurons (Overexp. PMGS) regrew from the same process (means of three experiments). When overexpressing neurons were treated with 0.5 mM NeuAc2en (Overexp.PMGSϩNeuAc2en), the effect was partially reversed, and 60% of the cells grew a different neurite after axotomy (mean of two experiments). Error bars correspond to SDs. conditions in which axonal differentiation is favored (this work).
(2) Alteration of GM1 concentration in detergent-insoluble glycosphingolipid-enriched domains (rafts) or its interaction with antibodies (Ravichra and Joshi, 1999) affects the phosphorylation state of some of the signaling proteins associated with these domains, leading to changes in transmembrane signaling. (3) Neuron-like cells treated with exogenous GM1 show enhanced neuritogenesis accompanied by a disruption of the actin network and an increased association of the MAP2 with actin filaments (Wang et al., 1998) . It is then conceivable that the localized increase in PMGS-GM1 leading to accelerated axonal elongation as shown here activates the signaling events needed to trigger changes in the actin and microtubule cytoskeleton required to support axonal formation and axonal elongation (Andersen and Bi, 2000; Bradke and Dotti, 2000) . This needs to be tested.
One last result worth discussing in some detail is the axonal regrowth capability of PMGS-overexpressing neurons. It was shown previously that sectioning the axon of a young hippocampal neuron in vitro results in the formation of a new axon from a different neurite if the axonal stump is as long as or shorter than any of the remaining neurites (Goslin and Banker, 1991) . We here show that this is indeed the case for control neurons but not for neurons overexpressing PMGS. These neurons consistently form the new axon from the lesioned axon, regardless of the length of the stump (Fig. 6 B, C) . The role of PMGS in the regeneration of axons was further supported when we demonstrated that the inhibition of PMGS activity in overexpressing neurons reversed the regenerating effect (Fig. 7C) . One possibility is that the abundant plasma membrane GM1 molecules have established interactions with the extracellular matrix in a number that is more typical of mature axons. This may have prematurely "matured" the overexpressing neuron, which has now fixed axonal and dendritic fate. Such a view is in agreement with our own data showing the premature polarization of the cytoskeletal proteins tau and MAP2 in PMGS-overexpressing neurons.
In addition to the cell biological significance, the lesioning experiments may have a clinical ramification. Because overexpression of PMGS facilitates the regrowth of the original axon and because PMGS mRNA, protein, and enzyme activity levels are very low in the adult hippocampus, one logical assumption is that regeneration of mature neurons could be improved by increasing the activity of PMGS in situ. Patients suffering from GM1 gangliosidosis present defects in ganglioside lysosomal degradation (mutations on the acid ␤-galactosidase) with GM1 accumulation, leading to neurodegeneration. The proposed strategy of increasing PMGS activity should not pose such a problem for neuronal systems with a normal lysosomal function, as was the case with our hippocampal cultures. Despite that, testing the effect of PMGS in vivo should rely on the use of inducible elements to allow for an accurate control of enzyme expression.
We are confident that the manipulation of PMGS expression in vivo using novel gene delivery strategies will open new possibilities in nervous system regeneration, an aspect of paramount clinical significance.
